We investigate the potential utility of the real-time Tropical Rainfall Measuring Mission 
goal of GPM can be realized and a global flood monitoring capability can be implemented for operational purposes globally, hydrologically-based assessments of satellite precipitation products that are available in real-time (from a practical standpoint, meaning that they do not rely on adjustments based on concurrent in situ data) are needed. Su et al. (2008) evaluated nine years (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) of the TRMM Multi-satellite Precipitation Analysis (TMPA) research product (3B42 Version 6, hereafter referred to TMPA-V6; Huffman et al. 2007 ) using gridded gauge data and the Variable Infiltration Capacity (VIC) semi-distributed hydrology model over La Plata basin (LPB), the sixth largest river basin in the world. The TMPA-V6-driven VIC model simulations were able to capture high flow events at the daily time scale for large tributaries within the LPB, and to represent seasonal and interannual streamflow variability. The authors argued, however, that the encouraging aspects of the hydrologic performance of TMPA research product were substantially attributable to the monthly gauge correction applied to TMPA-V6, a correction that requires a reasonably dense gauge network, and cannot be performed in real-time. In contrast, satellite-based estimates are expected to be most useful for hydrologic prediction in river basins where dense gauge networks do not exist.
In this study we extend the work reported in Su et al. (2008) by evaluating the TMPA realtime product 3B42RT (hereafter referred to as TMPA-RT) that is derived from satellite data alone. We compare the TMPA-RT data with a gridded gauge product, and compare streamflow simulations using the VIC model forced both with the satellite data and a gridded gauge product.
The purpose of this study is to investigate the evolution of the performance of current real-time satellite precipitation products and to understand the current level of accuracy that can be achieved for hydrologic prediction using global satellite precipitation datasets.
Data and Methodology
Microwave imagers and sounders have a direct physical connection to the hydrometeor profiles above the surface, but suffer from poor temporal sampling. In contrast, geo-infrared (IR) data provide excellent time-space coverage, however their relationship to precipitation is indirect. The TMPA estimates are based on passive microwave (PMW) data provided by various low-orbiting satellites, merged with microwave-calibrated IR-based estimates from geostationary meteorological satellites to fill PMW coverage gaps (Huffman et al. 2007; 2010) .
The sources of microwave data in the TMPA include the TRMM Microwave Imager (TMI), Special Sensor Microwave Imager (SSM/I) on Defense Meteorological Satellite Program (DMSP) satellites, Advanced Microwave Scanning Radiometer-Earth Observing System (AMSR-E) on Aqua, the Advanced Microwave Sounding Unit-B (AMSU-B) on the National Oceanic and Atmospheric Administration (NOAA)-15, 16, and17 satellites, and the Microwave Humidity Sounder-based precipitation estimates from NOAA-18 (which replaced the AMSU-B on board previous NOAA satellites). For TMPA, the PMW data are first calibrated using the TRMM Combined Instrument (TCI; which combines data from both TMI and the PR data), and then used to calibrate the IR input.
It is important to note that only SSM/I and TMI (2A12RT) estimates were incorporated in the combined microwave (or high quality, HQ) product prior to 3 February 2005. At that point, precipitation estimates from AMSR-E and the three AMSU-B sensors were introduced. NOAA-18 data were added to TMPA-RT starting on 27 November 2007 (ftp://trmmopen.gsfc.nasa.gov/pub/merged/3B4XRT_README.pdf) . These changes nearly doubled the typical combined microwave coverage in the latitude band 50 º N-50º S from ~45% to nearly 80%. Two other important upgrades were also made to TMPA-RT on 3 February 2005: 1) Inter-satellite calibration of the HQ product (to TMI) became climatological, reducing the real-time computational load and preparing for the eventual termination of TRMM; and 2) the microwave-calibrated IR coefficients began to be recomputed every 3 hours to better control unrealistically high estimates when unusually cold IR Tbs are encountered in a region.
Knowledge of these upgrades is important to understanding the evolution of the TMPA-RT performance and its potential for hydrologic prediction. Although the developers consider the datasets produced before 3 February 2005 to be obsolete, it is instructive to examine the change in skill that resulted from the changes noted above. the numbers are station IDs (6682, 6301, 6598, and 3802) and also represent the basins upstream of the stations (see Table 1 
Evaluation of TMPA-RT Precipitation Estimates
Our evaluation aims to understand the evolution of the performance of the TMPA-RT estimates and the skill of the real-time satellite estimates in detecting the amount and timing of rainy events at basin scales.
a. Evolution of the performance of the TMPA-RT estimates
The quantitative accuracy of satellite precipitation estimation was assessed using the correlation coefficient (R 2 ), relative mean bias (defined as Bias = [(P s − P g ) / P g ] × 100% , where P s and P g are mean satellite-based and gauge-based precipitation estimates), and normalized i n = root-mean-square error (Nrmse = ∑( P si − P gi / n P g , where P si and Pgi denote satellite and i=1 gauge daily basin-wide precipitation estimates, and n is the number of precipitation pairs in the analysis). 
b. Evaluation of TMPA-RT in detecting rainy events
The frequency bias index (FBI), probability of detection (POD), false alarm ratio (FAR), day -1 (Fig. 4a) . FAR started becoming large (0.2-0.8) for precipitation threshold greater than 10mm for all the basins with the largest FAR appearing over basin 6682 (Fig. 4b) . For the two northern basins (6301 and 6682), rain occurrence was best detected for precipitation thresholds up to 2mm (POD >0.85), and the skill rapidly dropped with increasing precipitation thresholds (Fig. 4c) . The two central basins (6598 and 3802) showed increasing POD scores (0.7-0.9) for the thresholds up to 5mm, than the POD scores started dropping for the higher thresholds. Fig. 5c ) with nearly zero bias and R 2 of 0.94 (Fig. 3) . The TMPA-RT in general tended to overestimate gauge observations over the two central basins (3802, 6598) for most of the months with high rainfall, and tended to overestimate precipitation for the first half of the water year (Jul-Dec) over the northern basin 6682. Given the fact that there are no gauge adjustments included in the real-time version of TMPA, the performance of TMPA-RT with respect to representation of monthly precipitation variations is encouraging.
Evaluation of Streamflow Predictions
To investigate the utility of the real-time satellite precipitation estimates for streamflow prediction, both gridded TMPA-RT and gauge estimates were used to force the VIC model. The allowed us to investigate how differences between TMPA-RT and gauge precipitation estimates affect the resulting simulated streamflow. The Nash-Sutcliffe efficiency
where Q oi and Q ci are observed and simulated streamflow on day i, and Qo is daily mean of observed streamflow) and relative error
where Qc is daily mean of simulated streamflow) were used to evaluate the hydrological performance of the satellite data. Table 2 The TMPA-RT-driven runs showed comparable hydrologic performance with the TMPA-V6 for the same period in term of model efficiency and Er (Table 2) , suggesting the promising potential of satellite-based precipitation in hydrologic prediction. (Table 2) .
Daily simulated hydrographs for station 6682 (Paraguay River at Ladario; drainage area 459 990 km2) is shown in Fig. 9 . Due to the wet soil conditions in this basin (which has large wetland areas), the large positive bias in the TMPA-RT precipitation input (Table 1) was transformed into a larger positive bias in the simulated streamflow ( Table 2 ). The TMPA-RTdriven simulations were consistently higher than the observation-driven simulations for almost 
Conclusions and Recommendations
The objective of this study was to evaluate the potential utility of purely satellite-derived precipitation estimates for hydrologic prediction, as they may provide the only source of precipitation for areas where ground-based networks are unavailable. We compared the basin- Our analysis suggests considerable potential for hydrologic prediction using purely satellitederived (no in situ gauge adjustment) precipitation estimates in parts of the globe where in situ observations are sparse. Clearly, satellite-based estimates that rely on gauge corrections, such as TMPA-V6, can only be as good as the gauge estimates that form the basis for the corrections. A natural extension of this work is to perform evaluations over different hydroclimatic regions (e.g., semiarid, high altitude area) with varying basin sizes and rain gauge network densities to further test the possible benefits of using satellite-based precipitation estimates for flow prediction. In this respect, the work we report here could serve as a template for hydrologically-based evaluation of satellite precipitation products elsewhere. 
